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Abstract 

The brine shrimp Artemia franciscana is widely used in aquaculture and basic re¬ 
search in areas ranging from molecular biology to evolution and ecology. A key 
feature of its life history involves the production of encysted embryos whose devel¬ 
opment is halted (enters diapause) at the gastrula stage. These shelled embryos 
are released into the aqueous environment where diapause continues until ter¬ 
minated by suitable conditions that produce an “activated embryo, “ which then 
can resume development when conditions permit. Very little is known about the 
metabolism of diapause embryos, in contrast to activated embryos, which have 
been studied extensively. We have examined selected features of metabolism in 
diapause embryos produced in laboratory cultures and collected from the field. 
Although in a state of developmental arrest, newly released diapause embryos 
are shown to carry on a vigorous metabolism. However, as diapause continues 
metabolism slows until its detection becomes an experimental problem; it is possi¬ 
ble that metabolism comes to a reversible standstill. We also present results from 
studies on diapause termination and the resumption of metabolism. Finally, we 
will show that a major protein (p26), previously implicated as a potential molec¬ 
ular chaperone in activated embryos undergoing anoxia and thermal shock, be¬ 
haves similarly in diapause embryos. Although direct evidence is lacking that re¬ 
sult suggests a role for p26 that may be common to the mechanisms involved with 
the control of diapause as well as the stress response in this system. 


Introduction 

Diapause, a state of obligate dormancy, is widespread in nature, providing 
a way to resist and survive adverse conditions and/or to synchronize appro- 
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priate life cycle stages with suitable environments (see Lees 1955; Clutter 
1978; Yamashita and Hasegawa 1985; McNamara 1994). In species of the 
brine shrimp, Artemia, diapause occurs in gastrula embryos that develop 
within the maternal female, are encased in a complex shell, and are then 
released to the surrounding aqueous environment (reviewed by Lavens and 
Sorgeloos [1987] and Drinkwater and Clegg [1991]). 

The biology of Artemia spp. is well known and the subject of several 
reviews and books (Sorgeloos et al. 1987; MacRae, Bagshaw, and Warner 
1989; Warner, MacRae, and Bagshaw 1989; Browne, Sorgeloos, and Trotman 
1991). This literature documents the vital role that the diapause embryo of 
Artemia plays in nature, often being the only surviving stage of the life 
cycle. While some information is available on the environmental conditions 
that induce and terminate diapause (Lavens and Sorgeloos 1987; Drinkwater 
and Clegg 1991), very little is known about the metabolism of diapause 
embryos. To our knowledge only three papers have been published on this 
aspect (Clegg 1965; Drinkwater and Crowe 1987; Van der Linden et al. 
1988), and these contain scanty metabolic information. A major cause of 
this shortage is the difficulty of obtaining diapause embryos in amounts that 
are adequate for biochemical research, a circumstance that contrasts with 
activated (dried) embryos, available commercially in virtually unlimited 
amounts. 

In the present article we will show, among other things, that the newly 
released diapause embryo is indeed metabolically very active but that this 
metabolism is markedly reduced as diapause continues. 


Material and Methods 

Sources of Diapause Embryos 

Artemia franciscana from the San Francisco Bay area (SFB) were purchased 
from San Francisco Bay Brand, Hayward, California, In 1978 as dried (acti¬ 
vated) embryos, often referred to as “cysts.” These were used as controls 
and also to produce adults in laboratory cultures from which diapause em¬ 
bryos were obtained. Seawater (SW) was reduced by evaporation to 75% of 
its original volume, and the inoculated Artemia larvae were fed on the 
microalga Isochrysis sp. and suspensions of baker’s yeast. After sexually ma¬ 
ture adults appeared in these cultures, filter paper strips were placed at the 
liquid-air interface to which the floating diapause embryos adhere and were 
collected. The studies shown in table 1 used these embryos. 

For the respiration studies shown in figure 1, embryos were collected 
from the salterns in south San Francisco Bay and returned to the laboratory. 
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The company that harvests Artemia cysts from these salterns (San Francisco 
Bay Brand) collects them once a day during the harvesting season, removing 
the vast majority. Because we made our collection during one of these har- 
vests (May 1989), the vast majority of the embryos used in this part of the 
study (fig. 1) were released from females over a 24-h period. After thorough 
washing and a brief sodium hypochlorite treatment (2.5% for 2 min at 4°C) 
the embryos were stored in the dark in aerated 0.25 -M NaCl containing 
streptomycin (50 \ig • mlT 1 ) and penicillin (50 IU • mL -1 ) until respiration 
measurements were performed. 

Since 1985, the A. franciscana (SFB) strain has been used for cyst pro¬ 
duction on a seasonal basis during the dry season in the salterns of the Vinh 
Tien Shrimp-Salt Cooperative, Vin Chau District, Soc Trang Province, in the 
Mekong Delta, Vietnam. These field culture systems produce large numbers 
of diapause embryos, two groups of which have been studied in the present 
article, referred to as VN-1 (collected on July 29,1993) and VN-2 (collected 
on February 27,1994). These embryos were packed in plastic bags containing 
small volumes of water from their collection ponds and eventually flown to 
Bodega Bay. Dates of receipt were September 7, 1993 (VN-1), and March 
13,1994 (VN-2). In both cases the embryos were first incubated aerobically 


Table 1 

Incorporation of NaH 14 C0 3 by diapause and activated (dried and 
rehydrated) embryos produced in laboratory cultures 


Age of Diapause Embryos 
(d) 

Small 

Molecules 
(cpm • mg 
dry wt -1 ) 

Nucleic 

Acids 

(cpm • mg 
dry wt -1 ) 

Proteins 
(cpm - mg 
dry wt -1 ) 

0-3: 

In diapause . 

4,300 

244 

388 

Activated. 

3,600 

230 

350 

Activated/in diapause .. . 

1 

1 

1 

12: 

In diapause .....'. 

3,400 

23 

45 

Activated. 

3,100 

280 

426 

Activated/in diapause .. . 

1 

12 

10 


Note. Embryos were incubated for 4 h at 25°C in SW (125 mg wet wt • 4 mL -1 ) containing 
NaH 14 C0 3 at a level of 5 pCi • mL -1 . The ratios ‘'activated/in diapause” are rounded to the 
nearest whole number. 
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Fig. 1. Respiration rates of diapause embryos collected in the laboratory. 
The “0 time” data represent embryos collected within 24 h after release 
from maternal females. Solid circles represent means; bars represent ±1 
standard error of the mean; n = 3- 


in the light for 4 d to allow embryos that had been activated (diapause 
terminated during shipment) to produce nauplius larvae (which were then 
discarded). The remaining embryos, still in diapause and floating on the 
surface, were stored in SW in large, covered petri dishes in the dark at 20°- 
24°C for the duration of this study. 

Diapause Termination 

Two methods were used: drying at relative humidity 55%-60% on filter 
paper discs for 24 h (light, 21°-24°C) followed by rehydration in SW; 
and aerobic incubation for 15 min in 0.4 M NaCl containing 3% H 2 0 2 . 
Both treatments are effective in terminating diapause in SFB embryos 
(Lavens and Sorgeloos 1987). 

Hatching Assays 

Embryos were placed into welled plastic depression plates, each of the 20 
wells containing 10-30 embryos in 400 pL SW. The plates were covered, sealed 
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with tape, and incubated in constant light at 21°~24°C until hatching was 
deemed to be complete, usually after 5 d. Adequate molecular 0 2 is present 
in these sealed plates, since controls (activated embryos) exhibited about 90% 
hatching levels within 2 d. Further details can be found in Clegg (1994). In 
all cases at least 200 embryos were used to determine hatching percentages. 


Respiration Measurements 

Embryos (5-50 mg wet wt) were placed in 2 mL of SW in the glass cell 
of a Strathkelvin recording 0 2 electrode system at 25° ± 0.1 °C. In some 
cases (fig. 1) 1 mL of 0.125 M Na phosphate buffer (pH 7.6) was used in 
the respiration cell. However, subsequent work showed that these con¬ 
ditions produced the same results as SW. The embryos were mixed at a 
constant rate with a small magnetic stir bar. Oxygen consumption was 
calculated from the decrease in % saturation (air) with time, expressed 
as pL 0 2 • h -1 • mg dry wt -1 . Complete details of these procedures and 
calculations have been published (Clegg 1993). 

Incorporation of NaH I4 C0 3 

Although these embryos are known to be impermeable to nonvolatile solutes, 
14 C0 2 (from H 14 C0 3 ) does penetrate and is incorporated into a variety of 
amino acids, other organic acids, and, under aerobic conditions, pyrimidine 
nucleotides (see Clegg 1976). In this way the synthesis of proteins and RNA 
can be measured in activated embryos under permissive conditions (see Clegg 
1977). We should point out that DNA synthesis does not occur in encysted 
embryos until they emerge from their shells (reviewed in MacRae et al. [1989], 
Warner et al. [1989], and Browne et al. [1991]). Embryos (diapause and acti¬ 
vated) were incubated for 4 h in SW or 0.4 M NaCl solutions buffered to pH 
7.2 with 0.1 M phosphate buffer, containing NaH 14 C0 3 (Amersham) at levels 
specified in tables 1 and 2. Following aerobic incubation at 25°C the embryos 
were thoroughly washed with ice-cold distilled water and homogenized in 
cold 5% trichloroacetic acid (TCA) (100 mg wet wt embryos • mL -1 ) with 
glass grinders. The homogenate was fractionated as follows: the supernatant 
obtained from centrifugation of the homogenate at 2,000 gfor 10 min (4°C) 
is referred to as “small molecules”; after the resulting pellet was washed in 
200 times its volume of cold 5% TCA the pellet was resuspended in 1.0 mL 
5% TCA and heated at 90°C for 1 h, cooled to 0°C, and centrifuged (200 g, 
20 min at 4°C), the supernatant being referred to as “nucleic acids”; the 
resulting final pellet was washed in 200 times its volume of 5% TCA, resus¬ 
pended in 1.0 mL 88% formic acid, and referred to as “proteins.” Aliquots of 








44 


54 J. S. Clegg, L. E. Drinkwater, and P. Sorgeloos 


Table 2 

Incorporation of NaH 14 C0 3 by diapause and activated (by H 2 O 2 ) 
embryos collected from the field (Vietnam) 


Group and Age of Diapause 
Embryos 

Small 

Molecules 
(cpm • mg 
dry wt -1 ) 

Nucleic 

Acids 

(cpm • mg 
dry wt -1 ) 

Proteins 
(cpm • mg 
dry wt -1 ) 

VN-1, 69 d: 

In diapause . 

70,400 

30 

41 

Activated. 

110,200 

1,170 

4,250 

Activated/in diapause .. . 

2 

39 

104 

VN-2, 30 d: 

In diapause . 

86,700 

55 

87 

Activated. 

103,100 

1,200 

3,200 

Activated/in diapause .. . 

1 

22 

37 


Note. Embryos were incubated for 4 h at 25°C in 0.4 M NaCl buffered to pH 7.2 and 0.1 M 
phosphate buffer and containing 25 ^Ci* mL -1 NaH^COj. See Material and Methods for 
further details. The ratios “activated/in diapause” are rounded to the nearest whole number. 


these fractions were assayed for U C in a liquid scintillation spectrometer and 
the results expressed on a dry weight basis. 

In some cases, the embryos after incubation with NaH 14 C0 3 were ho¬ 
mogenized at 0°C in buffer K, which has been shown to be suitable for cell 
fractionation in this system (Clegg, Jackson, and Warner 1994): 150 mM 
sorbitol, 70 mM potassium gluconate, 5 mM MgCl 2 , 5 mM NaH 2 PC> 4 , and 50 
mM Hepes buffered to pH 7.2. Homogenates were centrifuged at 1,630 g 
for 5 min at 2°C to obtain supernatant (S) and pellet (P) fractions; the latter 
were washed once with 200 times their volume of buffer K and restored to 
their original volume prior to electrophoresis and autoradiography. 


Denaturing Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Aliquots of S and P were added to 2X sample buffer (Laemmli 1970), heated 
at 100°C for 5 min in capped microfuge tubes, and centrifuged (2,000 g, 5 
min). These supernatants were electrophoresed by SDS-PAGE on 12% poly¬ 
acrylamide gels, and proteins were detected by Coomassie blue-G. Follow¬ 
ing drying, the gels were exposed to x-ray film for autoradiography. 
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Thin-Layer Chromatography 

Aliquots of the cold 5% TCA-soluble fraction were dried at the base of 100- 
jim-thick cellulose sheets (Eastman Kodak, Rochester, N.Y.), which were 
developed with 7 volumes isopropanol, 2 volumes water, and 1 volume 
88% formic acid (ascending). After thorough drying the thin layers were 
exposed to x-ray film for autoradiography. 


Results 

Respiration of Recently Released Diapause Embryos 
(Laboratory Cultures) 

Figure 1 records the respiration rates of diapause embryos that had been 
released from females over a 24-h period (0 time) and measured at periods 
thereafter. The initial very high rate was comparable to that of activated 
embryos (Clegg 1993) but fell to barely detectable levels after about 4 d. 
Some of the respiration at this time, and thereafter, is due to the presence 
of embryos that broke diapause (about 9%) and produced larvae during this 
20-d period. If we assume that the embryos terminating diapause during 
the 5-20-d period (fig. 1) are respiring at the average “0 time” rate (1.73 
pL 0 2 • h _1 • mg -1 ) and take the average percentage of embryos terminating 
diapause on any given day over this period (9%/15 = 0.6%), then the con¬ 
tribution of these activated embryos will be roughly 0.01 ji.L 0 2 • h - * 1 • 
mg -1 . That estimated rate can be compared to the measured value of 0.04 
± 0.02 p.L 0 2 • h -1 • mg -1 (fig. 1). Although this exercise is viewed only 
as a rough approximation, it does suggest that the embryos remaining in 
diapause are respiring at even lower rates, if at all, over the 5-20-d period 
(fig. 1). 

When samples of the “0 time” and 20-d-old diapause embryos were air 
dried and then rehydrated in SW, about 90% produced larvae within 48 h. 
Therefore, the population of embryos used in this study was indeed in dia¬ 
pause in the sense that development was arrested. On the other hand, as 
we have shown (fig. 1), recently released embryos exhibited a vigorous 
respiratory metabolism. To examine the scope of this metabolism we studied 
the ability of diapause embryos to synthesize macromolecules. 


Incorporation ofNaH 14 C0 3 by Diapause Embryos (Laboratory Cultures) 

In this study (table 1) diapause embryos produced over a 3-d period were 
used. The sample was composed of embryos that had just been released or 
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that had been released sometime during the 3-d collection period (0-3 d). 
In the other case, a similar 0-3-d collection of embryos was kept for 2 wk 
prior to study. In both cases a sample of embryos was air dried and then 
rehydrated prior to study. As mentioned, drying is a treatment known to 
terminate diapause in these embryos. 

Because of the difficulty of obtaining large numbers of diapause embryos 
from laboratory cultures this study was limited to a single large sample. 
Nevertheless, the results seem clear (table 1): recently released diapause 
embryos exhibited an incorporation into all fractions comparable to that of 
activated (air-dried) embryos. In contrast, diapause embryos that were stud¬ 
ied about 2 wk after their release from females showed a marked reduction 
of incorporation into macromolecules (table 1). We delay comment on the 
nature of 14 C0 2 incorporation into the small molecules fraction until the 
Discussion, only noting now that diapause embryos are also very active in 
that regard. 

Few of these diapause embryos terminated diapause during the period 
of study: fewer than 1% in the 0-3-d sample and just over 4% during the 2- 
wk period. It is quite possible that some of the very low incorporation into 
macromolecules observed in the 2-wk population could be due to these 
activated embryos (table 1). In contrast, about 85% of these embryos pro¬ 
duced larvae after drying and rehydration (both cases). 


Studies on Diapause Embryos Collected from the Field 

In this section we describe results from two samples of embryos produced 
in Vietnam, referred to as VN-1 and VN-2 (see Material and Methods). 

Figure 2 describes the almost undetectable respiration rate exhibited by 
diapause embryos 67 d after their collection from the field. The effects of 
treatments that terminate diapause (drying and H 2 0 2 ) are also shown. As 
expected from previous work (Clegg 1993), dried and rehydrated embryos 
exhibited an increasingly active respiration as metabolism and development 
resumed. In the case of H 2 0 2 treatment a lag of about 1.5 h was evident, 
indicating the time required for this oxidant to somehow overcome the 
mechanism(s) that maintain diapause. 

Comparable studies were carried out on a second independent sample 
from Vietnam (VN-2). Respiration measurements were performed as soon 
as the embryos were processed at Bodega Bay and after prolonged storage 
(fig. 3). Note first that the level of respiration exhibited by diapause embryos 
decreased with storage time, notably during the first few hours over which 
respiration was measured. It appears that the transfer of embryos to the 
stirred respiration cell might activate a small portion of them, at least in the 
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Fig. 2. Respiration rates of embryos produced in the field in Vietnam 
(VN-l) 67 d after collection. Circles, diapause embryos; triangles, em¬ 
bryos activated by drying and rehydration; squares, embryos activated 
by H 2 0 2 treatment. 


94-d sample. Another notable feature of these studies concerns the increase 
in the lag associated with H 2 0 2 -induced respiration and diapause termination 
(fig. 3). That result suggested that the depth of diapause increased as the 
duration of diapause lengthened. 

The ability of VN embryos to incorporate 14 C0 2 was studied (table 2). 
Compared to its incorporation into macromolecules by embryos activated 
by H 2 0 2 , the incorporation of 14 C into macromolecules by diapause embryos 
was greatly reduced and just measurable. As mentioned previously, the mat¬ 
ter of incorporation into the small molecule fraction will be delayed until 
the Discussion. We point out that the data in table 2 should not be compared 
directly (quantitatively) to those obtained from embryos produced in lab¬ 
oratory cultures (table 1). That is so because the specific activity of 14 C0 2 
was much greater in the studies described in table 2 than in those described 
in table 1. Nevertheless, the combined results clearly indicate that the syn¬ 
thesis of macromolecules is greatly suppressed during prolonged diapause. 
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Fig. 3. Respiration rates of embryos from Vietnam (VN-2) measured at dif¬ 
ferent times after collection from field cultures. Circles, diapause em¬ 
bryos; squares, embryos activated by H 2 0 2 treatment prior to measure¬ 
ment. 

Further study of the reduction in macromolecular synthesis in diapause 
embryos was carried out by SDS-PAGE and autoradiography (fig. 4) on the 
VN-1 sample (75 d after collection from the field). As described in the 
Material and Methods section, the embryos were fractionated into low-speed 
S and P after 14 C0 2 incubation but prior to electrophoresis. Recall also that 
P is composed chiefly of nuclei and yolk platelets. Figure 4^4 shows protein 
profiles revealed by Coomassie staining. Those profiles were very similar 
for diapause ( D ) and H 2 0 2 -activated (H) embryos with one marked excep¬ 
tion: substantial amounts of a major protein of about 26,000 molecular mass 
(,arrowheads ) appear to be translocated from the S to the P fraction in extracts 
of diapause embryos. In the Discussion section we will describe previous 
work on this abundant protein (referred to as p26), which indicates that a 
similar translocation also occurs in activated embryos exposed to various 
forms of stress. 

An autoradiograph of this dried gel is shown in figure 4 B. As expected, 
14 C incorporation into the macromolecule fractions of diapause embryos 
was so low (table 2) that very little was observed in the autoradiograph ( Ds , 
Dp). On the other hand, a wide variety of proteins was labeled in the H 2 0 2 - 
activated embryo ( Hs; Hp), apparently including p26, which was present 
only in the supernatant fraction. Figure 4 is a representative of three separate 
studies that revealed comparable outcomes. 

The possibility arose that diapause embryos failed to exhibit an appreciable 
synthesis of proteins because of the lack of a 14 C-labeled amino acid pool. 
To evaluate this option we examined the small molecule fraction from the 
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Fig. 4. Denaturing polyacrylamide gel electrophoresis of extracts (S and 
P) from diapause (D) and H 2 0 2 -activated (H) embryos from Vietnam af¬ 
ter incubation with NaH 14 C0 3 . These embryos were from one of the popu¬ 
lations used in the incorporation studies (table 2: VN-2, 30 d). Condi¬ 
tions of incubation are the same as in table 2. See Material and Methods 
for preparation of the low-speed S and P. Part A shows gels stained with 
Coomassie blue-G and dried; partB represents the same gel after autora¬ 
diography (90 d exposure at 21°-23° C). Molecular mass standards C&D) 
are shown in part A. The arrowheads mark the location of a protein re¬ 
ferred to in the text asp26. Aliquots equivalent to the same number of 
embryos were applied in all lanes. 


same population of embryos used for the study shown in figure 4. Thin- 
layer chromatography-autoradiography (fig. 5) showed that at least three 
amino acids in diapause embryos were labeled with 14 C. Although there are 
obvious differences between the patterns of 14 C-labeling of small molecules 
by activated and diapause embryos, this result showed that the lack of in- 
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Fig. 5- Thin-layer chromatography (autoradiogram) of the small mole¬ 
cule fraction from H 2 0 2 -activated (H ) and diapause (D) embryos. 
These embryos were from the same sample described in table 2 and fig. 
4 (VN-2, 30 d after collection). Incubation conditions were also the 
same (see table 2). The application origin is marked by o and the sol¬ 
vent front by f. Locations are given for alanine (ala .), glutamic acid 
(glu9, and aspartic acid (asp ), which have been identified in previous 
work (Clegg 1976, 1977). 


corporation of 14 C into protein was not due to the absence of a labeled 
amino acid pool. 


Discussion 

Brief comment on the term “diapause” is in order. While diapause is always 
associated with a cessation of development in embryos and growth in other 
life history stages, the extent to which a reduction in metabolic rate occurs 
varies widely depending on the particular organism (Lees 1955; Clutter 
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1978; Drinkwater and Clegg 1991). The studies presented here have used 
a single species, Artemia franciscana, originating from the San Francisco 
Bay area. However, we should note again that the work was carried out on 
separate samples, obtained over a period of years, as well as on those pro¬ 
duced in Vietnam. No marked differences between these different origins 
were noted with regard to the parameters studied here. Therefore, we believe 
the conclusions to be drawn are valid for the SFB population in general. 

Somewhat unexpected was the existence of an active metabolism in dia¬ 
pause embryos recently released from females (fig. 1). As mentioned, met¬ 
abolic depression is only one of the criteria used to characterize the state 
of diapause, and it is only one of the criteria applied to Artemia spp. (Lavens 
and Sorgeloos 1987; Drinkwater and Clegg 1991). That criterion also applies 
to diapause embryos of A. franciscana, but only after several days following 
their release into the environment. Thus, embryonic diapause is separated 
from metabolic rate depression. From those observations we conclude that 
the regulatory mechanisms causing metabolic depression are most likely 
due to the intrinsic properties of the cells of the diapause embryo, and not 
the direct result of maternal influence. It also appears that the mechanisms 
that arrest embryonic development are not identical to those involved with 
metabolic rate depression. That conclusion is drawn because development 
has already been arrested in the embryo at, or even before, its release from 
the maternal female. 

Another feature of this system involves the depth of diapause, which ap¬ 
pears to increase as the duration of diapause continues. For example, the 
rate of diapause embryo respiration decreases (fig. 1), and the time required 
for termination of diapause by treatment with H 2 0 2 is extended (fig. 3), 
both as the duration of diapause is prolonged. Thus, the ability of a given 
embryo to respond to diapause-terminating conditions may be more a func¬ 
tion of the previous duration of its diapause than its inherent “viability.” In 
other words, it is possible that these embryos will eventually find themselves 
locked irreversibly in diapause. 

Although treatment with H 2 0 2 has been shown to be a very effective way 
to terminate diapause in SFB Artemia (reviewed by Lavens and Sorgeloos 
[1987]), its mode of action is unknown. One may suppose that an under¬ 
standing of the latter would provide insight into the mechanism(s) that 
maintain diapause. It is worth noting that H 2 0 2 causes profound effects on 
a variety of cells at moderate micromolar concentrations (see Schubert and 
Wilmer 1991; Martins and Meneghini 1994). However, this compound must 
be present in high miilimolar concentrations before it is effective as a ter¬ 
minator of diapause in A. franciscana. For example, 3% H 2 0 2 was used in 
the present study, equivalent to 830 mM. It is remarkable that these embryos 
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survive immersion in such high H 2 0 2 concentrations let alone for them to 
utilize it in the process of diapause termination (table 2, figs. 2 and 3). Thus, 
it is possible that H 2 0 2 does not enter the embryonic compartment or that 
only small amounts are allowed to cross the outer shell. Further study of 
the mode of action of H 2 0 2 seems worthwhile. 

Evaluation of metabolism in Artemia spp. embryos is seriously hampered 
by their impermeability to appropriate radioactive precursors, and we have 
had to resort to the use of 14 C0 2 incorporation (Clegg 1976, 1977). The 
pathways of C0 2 fixation have not been worked out in this system but would 
appear to be similar to those in other heterotrophs, involving several car- 
boxylation reactions (Patel 1989) followed by transamination to obtain a 
variety of amino acids (see Biggers and Belve 1974). Although incorporation 
of 14 C0 2 into the small molecule fraction by diapause embryos is somewhat 
less than incorporation by activated ones it is, nevertheless, substantial over 
the 4-h period of measurement (table 2; fig. 5). Does this incorporation 
reflect an ongoing metabolism in embryos undergoing prolonged diapause? 
If this incorporation involves a net fixation of 14 C0 2 , then it is clear that free 
energy (ATP or other ribonucleoside triphosphates) must be provided: keq 
for net carboxylation is in the range 10“ 5 -10 -6 M, corresponding to standard 
free energy requirements (AG°) of 29-34 kj ♦ mol' 1 (Fasman 1976, p. 303). 
The alternative is that 14 C0 2 simply equilibrates enzymatically with the ap¬ 
propriate carboxyl group(s) of metabolites (such as oxaloacetate), without 
the need for free energy input or a change in their concentration(s). Al¬ 
though net carboxylation reactions are commonly referred to as “irrevers¬ 
ible,” that does not apply to the isotopic labeling being discussed here. A 
similar line of reasoning applies to transamination reactions, which are fully 
reversible and would label appropriate carboxyl groups of certain amino 
acids, including those shown in figure 5. In view of the evidence that the 
metabolism of embryos in prolonged diapause is severely reduced if it occurs 
at all (figs. 1 and 4; table 2) we believe the isotopic labeling interpretation 
is much more likely than the net fixation of 14 C0 2 . 

The 14 C-labeled amino acid pool in diapause embryos (fig. 5) is adequate 
to reveal protein synthesis. Therefore, we conclude that protein synthesis 
in the diapause embryo must be severely depressed as diapause is prolonged. 
Furthermore, the very low incorporation that we do observe could be due 
to the small number of embryos that are activated during the study, and 
perhaps to contributions from the microbial flora associated with the shells 
of these embryos (Wheeler, Yudin, and Clark 1979; Coleman et al. 1980). 
Finally, we note that the fraction referred to as “protein” (tables 1 and 2) 
is not highly purified protein and could contain small amounts of 14 C-labeled 
compounds other than proteins. Consequently, it seems that the diapause 
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embryo exhibits remarkable stability in the virtual absence of an ability to 
synthesize proteins (and probably anything else), and without an ongoing 
energy metabolism. We see no evidence of proteolysis in diapause embryos 
(fig. 4A) and can only assume that pathways of macromolecular degradation 
are similarly brought to a standstill during diapause. Thus, as of this writing 
(November 1994) the VN-2 embryos used in this study have been in con¬ 
tinuous diapause for about 9 mo. Yet about 85% produced normal larvae 
when diapause was terminated by H 2 0 2 . While one can envision how hy¬ 
drolase activities can be controlled under these conditions, it is more difficult 
to understand how the thermal unfolding and subsequent aggregation of 
proteins is avoided. This is so because globular proteins, in general, are 
quite unstable at physiological temperatures (Dill 1990; Doig and Williams 
1992). One possibility involves the presence in these embryos of large 
amounts of trehalose and glycerol (Dutrieu I960; Clegg 1962), both being 
compatible solutes that might stabilize proteins against denaturation (see 
Carpenter et al. 1993)- Another possibility that we take up next involves the 
potential participation of molecular chaperones to prevent unfolding and 
aggregation (for recent reviews see Georgopolous and Welch [1993], Hen¬ 
drick and Hard [1993], and Ellis [1994]). 

A major difference between the proteins of activated and diapause embryos 
as revealed by SDS-PAGE concerns a protein of about 26,000 molecular 
mass, p26 (fig. 4A). In activated embryo extracts virtually ail of this protein 
is located in the low-speed supernatant, whereas it is roughly equally divided 
between the two fractions (S and P) from diapause embryos. That result is 
particularly interesting, since previous studies on p26 show that it exhibits 
a similar distribution in activated embryos exposed to anoxia and thermal 
shock (Clegg et al. 1994). That study also showed that p26 in the low-speed 
pellet is associated solely with the nuclei of anoxic embryos, makes up 
about 15% of the total nonyolk protein, is found only in the encysted embryo 
stage of the life cycle, and undergoes translocations to other intracellular 
locations during anoxia (i.e., within the low-speed supernatant). In contrast, 
p26 in dried embryos hydrated at 0°C, and in those incubated aerobically 
at 25°C, exists as a “soluble” aggregate of about 500,000 molecular mass 
(Clegg et al. 1994). Thus, it is possible that these intracellular translocations 
of p26 are part of the same system that stabilizes activated embryos during 
anoxia and thermal (heat and cold) shock, as well as those undergoing 
diapause (fig. 4). We previously proposed that p26 plays the role of a mo¬ 
lecular chaperone to protect globular proteins against thermal unfolding 
during prolonged anoxia (Clegg et al. 1994). Perhaps p26 plays a similar 
role in the diapause embryo. That these embryos are indeed exceptionally 
stable has been shown by their ability to undergo 2 yr, at the least, of con- 
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tinuous anoxia (Clegg 1994), during which there is good evidence that 
metabolism comes to a reversible standstill (see Hand [1991] and particularly 
Hontario et al. [1993]). If the activated embryo can accomplish that remark¬ 
able feat during anoxia, we see no reason why the diapause embryo cannot. 
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